Liquid uptake and streaming potential have been determined in aqueous sodium chloride solutions for five different commercial sulfonated polymer cation-exchange membranes. The selected membranes have distinct morphologies and electrochemical properties. Differences in the liquid uptake properties of the membranes have been found, which have been analysed on the basis of the structure and the chemical properties of the membranes. In most of the membranes analyzed, the higher the liquid content of the membranes, the lower the effective concentration of fixed charges in the membranes. The streaming potential across the membranes increases linearly with the established pressure difference, and it is larger in heterogeneous membranes than in homogeneous ones. In general, the higher the membrane liquid content, the higher the streaming potential across the membranes.
Introduction
When an ion-exchange membrane separating two electrolyte aqueous solutions is subject to one or more driving forces, transport phenomena of electro-kinetic character can be originated through the membrane. For instance, a pressure difference across a membrane is able to drive both a volume flux and an electric charge flux through the membrane. This electro-kinetic phenomenon indicates that mass and electric charge transport processes can be coupled. Coupling means that a mass flux can be caused by an electric potential difference, and that an electric charge flux can be originated by a pressure difference alone.
If an excess hydrostatic pressure is applied to the solution on one side of an ion-exchange membrane, the liquid is forced to move across the membrane along the pressure difference. This liquid carries along a net electric charge, as a consequence of the excess of counter-ions with respect to the co-ions, towards the low-pressure membrane side, which acquires the same charge as the counter-ions, while the high-pressure membrane side acquires the charge of the fixed groups. Accordingly, an electric potential difference appears between the two sides of the membrane, which is known as streaming potential.
The streaming potential acts over the electrically charged liquid inside the membrane, partly balancing the effect of the pressure and thus reducing the flow across the membrane. The streaming potential also accelerates the co-ions and slows down the counterions in such a way that, despite their different concentrations, both of them transfer equivalent amounts of electric charge in the same time. However, the effect of applied pressure is stronger than the one produced by the developed electric field and thus, relative to the membrane matrix; both ionic species are carried out along with the solvent flux.
According to the linear non-equilibrium thermodynamics approach, the phenomenological equations for modelling the transport of mass and electric charge across an ion-exchange membrane are [1] 21 22 where J V is the volume flux, I is the electric current, ΔP is the pressure difference across the membrane, and Δψ is the difference of electric potential across the membrane. The coefficients L 11 and L 22 are the hydraulic permeability and the electric conductance, respectively, whereas L 12 and L 21 are the electro-kinetic coefficients that take into account the coupling phenomenon.
Coupling can be studied in terms of the so-called pressure coefficient β and electro-osmotic permeability W, which can be defined, from Eqs. (1) and (2), as follows: is known as Saxén's law. In order to determine experimentally the streaming potential, a pressure difference between the two sides of an ion-exchange membrane is established, and the electric potential difference Δψ across the membrane is measured as a function of time t. A typical plot of Δψ vs. t shows an initial sudden rise in the electric potential difference, when ΔP≠0, which represents the potential arising from the pressure difference, when the two bulk solution concentrations are equal. This is the electrical potential difference, Δψ 0 , in the absence of concentration polarization because there is no liquid flow through the membrane in this stage. As the process takes place, a concentration difference between the two sides of the membrane is also originated. It has been found [2] that this term is proportional to t 1/2 . Thus, the contribution of the concentration polarization to the electric potential difference can be removed by determining the streaming potential as an intercept at t¼0, ψ Δ 0 from the plot of the experimental curves of ψ
, i.e., the streaming potential is obtained in the initial time of the diffusion step
where the constant A can be related to the hydrodynamic permeability in the membrane [3] .
The value of the streaming potential Δψ 0 found as explained above does not coincide with the real value. The use of reversible electrodes involves the correction of the measured potential due to the pressure difference. When an electrode Ag/AgCl is used, the true streaming potential Δψ r can be obtained by subtracting a contribution from the experimentally determined value as follows:
where F is Faraday's constant, and v AgCl and v Ag are the molar volumes of AgCl and Ag, respectively [4] . This work is a contribution of the application of linear nonequilibrium thermodynamics theory to the study of the transport processes in charged membranes. This work is concerned to the search of relations between polymer membrane properties and morphology. With this aim, the liquid uptake and the streaming potential have been experimentally determined for several cationexchange membranes with different structures and electrochemical properties.
Experimental

Membrane and materials
The main characteristics of the commercial cation-exchange membranes used in this study are given in Table 1 . Nafion-115 membranes (hereafter named NF115) are films consisted of a polytetrafluorethylene backbone and long fluorovinyl ether pendant side chains regularly spaced, terminated by a sulphonate ionic groups. There are no cross-links between the polymers. MK-40 membranes (hereafter named MK40) are composites formed from the cation-exchange resins KU-2 (polystyrene matrix cross-linked with divinylbenzene and fixed groups), polyethylene and nylon. Membranes CR65-CZL-412 (hereafter named CR65) are crosslinked sulfonated copolymers of vinyl compounds cast in homogeneous films on synthetic reinforced fabrics. Neosepta CMX membranes (hereafter named CMX) are composites prepared on the base of polystyrene and divinylbenzene, and reinforced with polyvinylchloride. Ralex CMH-PES membranes (hereafter named RXC) are composites formed from ion-exchange resins, polyethylene and polyamide as the reinforcing material. The membranes can be divided with respect to their structure and preparation into two categories: MK40, CR65 and RXC are considered as heterogeneous membranes, whereas NF115 and CMX are considered as homogeneous membranes. Based on the type of fixed charge group, the five membrane-types are classified as strong acid base membranes because contain sulphonate groups as charged group.
Liquid uptake measurements
In order to determine the liquid uptake by the membrane, a liquid swelling study was performed by using a water solution with a concentration of 0.01 M NaCl. Before the experiments, the membrane samples were dried under vacuum at 30.07 0.1°C for 24 h and weighted. After that, the samples were immersed in a closed bottle containing the solution and allowed to equilibrate. The bottle was placed in an oven thermostatted at 25.0 70.1°C. After several days of immersion, when no more liquid is sorbed, the swelling is considered to be completed and the swollen membrane was taken out of the liquid, wiped carefully with filter paper and weighted again. The increase in weight was equal to the weight of the liquid sorbed by the membrane. The liquid uptake was estimated from the weight of the swollen and the dry membrane sample according to the following expression:
where m w and m d are the weights of the swollen and dry membrane, respectively. The water content of the membrane can be expressed as the average number of water molecules per conducting functional group, λ, determined by [5] 
Streaming potential measurements
The experimental device and the procedures used in this study were essentially the same as those described in [6] . Basically, the cell consisted of two glass chambers of approximately 125 cm 3 each, connected by a rigid threaded joint, where the membrane was inserted between two plane O-rings. Each half-cell contained water solution with a concentration of 0.01 M NaCl. Each half-cell included an inlet, in which an Ag/AgCl electrode was introduced. In one of the chambers there was another inlet, in which a pressure connector was introduced. The pressure pulses were generated with pure pressurized air through a double pressure reducer. Pulses up to to 1 bar were applied in this half-cell. The low pressure half-cell was always kept at atmospheric pressure. The pressure difference was also measured with a digital barometer with 68.9 Pa (0.01 psig) resolution.
The acquisition of streaming potential data was made by means of an HP 34401 logging multimeter with a high resolution, recording the data vs. time. They were corrected for possible electrode asymmetry. The electrical device was inside a Faraday box to prevent undesired electrical perturbations. The electrode immersed in the lower pressure solution was permanently grounded. The whole cell was immersed in a thermostatted bath at 25.0 70.1°C.
Before experiments, the membrane was immersed in aqueous solution with a concentration of 0.01 M NaCl for a minimum of 48 h in order to achieve equilibrium.
Results and discussion
Liquid uptake
The estimated liquid uptakes of the membranes in NaCl/water solutions are given in Table 2 . All values were measured three times and the errors are less than 5%. In general, the liquid uptake values obtained in the present study are in a good agreement with the data for 0.01 M NaCl aqueous solutions published in the literature. The small differences are probably due to differences in the chemical or thermal treatments of the membranes. We obtained a liquid uptake of 0.67 for MK40, whereas Larchet et al. [7] reported a value of 0.52. We obtained a value of 0.11 for liquid uptake by NF115, and the solvent content of Nafion-type membranes ranges from 0.06 to 0.20, depending on the ionic form of the membrane and the concentration of external solution [8] [9] [10] . We obtained a liquid uptake of 0.29 for CMX, whereas the data reported in the literature are 0.31 [11] , 0.25 [12] and 0.18 [13] . We obtained a liquid uptake of 0.62 for RXC, whereas the reported value is 0.31 [13] .
Heterogeneous membranes (MK40, CR65, RXC) show higher solution uptakes than homogeneous membranes (CMX and NF115), indicating that heterogeneous membranes are more hydrophilic, in agreement with previous results [14] . In general, the structure of the heterogeneous membranes consists of small ionexchanger particles dispersed distributed in an inert binder. The ion-exchange particles are in contact with one another, and it is reported that most of heterogeneous membranes contain about 50-75 vol% of ion-exchange material. As the binder is highly hydrophobic, the swelling of membrane matrix in water is expected to be very low. Then, the amount of liquid within the membrane is determined by the degree of swelling of the ion-exchanger particles, and the volume fraction of inter-particle voids formed by the swelling or contracting particles. On the one hand, water interacts strongly with the particles due to its higher polarity; on the other hand, it is easy to accommodate water molecules in the sorption sites located in the particles due to the small molecular size of water. These facts would explain the high liquid sorption degree in MK40, CR65 and RXC. Usually, the polymer backbone is highly hydrophobic in homogeneous membranes, whereas the sulphonic groups are very hydrophilic. In the presence of a polar solvent, such as water, this gives rise to some hydrophobic/hydrophilic separation. Water molecules reside completely in the hydrophilic domains of the polymer, because water is excluded from the hydrophobic backbone. These facts would explain the lower sorption value of liquid in NF115 and CMX. On the other hand, as can be seen from data in Table 1 , the λ parameter is not directly related to the IEC. As the membranes have the same sulphonic ion group, this fact may be related to differences in the structure of the membranes, which may affect the chemical affinity between the membrane polymer and the water.
Since the concentration of electrolyte is quite low, the liquid uptake properties of the membranes should not be essentially different in water and in the 0.01 M NaCl solution, as the comparison of the liquid content data in Tables 1 and 2 reveals. It is well known that with increasing electrolyte concentration, the membrane liquid content decreases [15] . The reason is that with increasing concentration of external solution the osmotic pressure increases, while that in the internal solution of the membrane grows only to a small extent, since the ionic force changes a little. This is the behaviour exhibited by the NF115 membrane, whose liquid uptake decreases to a 60% in the presence of the salt. In contrast, when the other membranes are equilibrated with a 0.01 M NaCl solution, the liquid uptake either remains unchanged, such as for RXC and CMX, or increases a little, such as for MK40 (23%) and CR65 (13%), compared to the membranes equilibrated with pure water. This behaviour can be attributed to the either the high cross-linking degree or the reinforcement of these membranes, and thus to their high mechanical stability [16] . This is in accordance with previous results with the same membranes [14] , in which it was observed that the influence of the presence of salt on solution was different for membranes with different structures. Thus, membranes with a high density and a deformable morphology, such as NF115, the presence of the electrolyte can play an influential role in the membrane uptake properties. In contrast, the effect of the electrolyte is less noticeable in rigid membranes with low polymer elasticity, such as MK40, CR65, RXC and CMX.
It is known that part of the liquid sorbed by the membrane is due to the solvation of the membrane ionized fixed groups, therefore liquid content would be favoured by a high ion-exchange capacity of the membrane. Based on this fact, it would be expected that the higher the IEC of the membrane, the higher the solution uptake. However, the structure of the polymeric matrix is also an important factor, and it is expected that membranes with lower 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132   Table 2 Liquid uptake (s), concentration of fixed ion group per volume of swollen gel ( X ), effective fixed charge concentration (X eff ), parameter r, wet membrane porosity (ε), fixed charge concentration ( * X ), and FH interaction parameter (χ) in NaCl 0.01 M solution, of cation-exchange membranes used in this study. density present higher porosity and higher liquid sorption. Data in Tables 1 and 2 are in reasonable good agreement with this statement. Thus, RXC membrane, with lower density presents higher liquid content than the other heterogeneous membranes.
The membrane wet porosity ε (volume of free solution within the membrane per unit volume of wet membrane) can be defined as follows:
where ΔV designates the volume increase of the membrane upon absorption of the electrolyte solution per unit of dry membrane volume. This quantity was calculated for membranes with both water and electrolyte solution content data using the following equation:
where ρ m and ρ l are the densities of the dry membrane and the sorbed liquid, respectively. Combining Eqs. (8), (10) and (11), the porosity can be expressed as a function of the liquid uptake s as follows:
The analysis of the sorption properties of the membranes can also be made using a model derived from the Flory-Huggins (FH) theory [17] , which makes a statistical calculation of the different configurations of a polymer/liquid system upon some assumptions on molecular shapes and interactions. The model enables sorption modelling using a single parameter, the so-called FH interaction parameter, which is a reflection of the polymer/liquid affinity. The lowest FH parameter values describe the highest liquid sorption level and, thus the best affinities. The FH interaction parameter can be estimated as
The estimated values of the porosity and the FH interaction parameter for membrane/water system are given in Table 2 . A value 0.99749 g/cm 3 has been used as solution density at 25°C [18] . It is found that the wet porosity of heterogeneous membranes is larger to a small extent than that of homogeneous membranes. In addition, the FH parameters for heterogeneous membranes are lower than that of homogeneous membranes. Both facts suggest better polymer/water affinities for the heterogeneous membranes than those of homogeneous membranes.
The calculated values of the membrane wet porosity in 0.01 M NaCl/water solutions are also given in Table 2 . A value 0.99749 g/ cm 3 has been used as solution density at 25 ºC [18] . In general, the effect of the presence of the electrolyte in the porosity is small and it seems to be independent of the heterogeneous or homogeneous character of the membrane. It is found that the porosity in water and in the solution is nearly the same for membranes CR65, RXC and CMX. In contrast, in presence of the electrolyte, NF115 porosity decreases 37%, and MK40 increases its porosity in a 16%. The low solution concentration and the great selectivity of the membranes assure the almost complete exclusion of co-ions inside of the membrane. Then, it can be considered that membranes only absorb water and Eq. (13) can be used to estimate the FH parameter.
The corresponding values are also reported in Table 2 . Clearly, the changes in the FH interaction parameter are in accordance with the changes in the liquid content of the membrane.
As noted above, the swelling of an ion-exchange membrane results from the balance between the internal osmotic pressure and the forces associated with the elasticity of the polymeric matrix. The ion-exchange capacity, indicating the density of ionizable hydrophilic functional groups in the membrane, strongly affects the ion transfer. However, IEC values are not particularly useful for characterizing membrane performance because it does not take into account the swelling properties of the polymer. A more appropriate measure of the true concentration of fixed charge groups is the concentration of the fixed ions groups of the membrane per volume of swollen membrane, X [16] . The value of this variable can be determined from the ion-exchange capacity given by the manufacturer, the density and the liquid uptake of the membrane [15] as follows:
where X is the molarity of fixed groups (in equivalents per cubit decimetre), ρ m is the density of membrane (in grams per cubic centimetre), s is the liquid content of the membrane (in weight per cent), Q i is a dimensionless variable which expresses the amount of species i in the "specific amount" of membrane, and M ref is the atomic weight of the reference ion (1 for cation exchangers). The summation is carried out over counter-ions and sorbed solutes, if any. This fixed charge concentration depends on the liquid uptake properties, and thus it will be different for different membranes and solutions. The estimated values of fixed charge concentration X are given in Table 2 . As can be observed, homogeneous membranes have higher concentration of fixed charges than heterogeneous membranes, but lower IEC values, due to their lower liquid content. The concentration of fixed charges X decreases in the following order: NF115 4CMX 4MK40 4CR65 4RXC. It should be pointed out that the interstitial void fraction in the membranes is not included in Eq. (14) . The concentration of fixed ion group, when the porosity of the membranes is considered, can be estimated as ε * = ( − ) − X X 1 1 [19] . The results for * X are also given in Table 2 . The parameter * X decreases in the following order: NF115 4MK40 4CMX 4CR65 4RXC. The parameters X and * X follow the same sequence with the exception of MK40. This fact may be related to the high porosity of this membrane. On the other hand, it is noted that the values of * X are in a reasonable accordance with the results obtained by other authors. For example, Belashova et al. [20] reported a value of 1.7 mol/dm 3 for the MK40 membrane in aqueous 0.02 M NaCl solution, and Lehmani et al. [19] reported a value of 1.26 mol/dm 3 for the Nafion 117 membrane with 0.01 M NaCl/water solution. The effectiveness of fixed charge in sulfonated polysulfone membranes is strongly correlated with the physicochemical properties [21] . The effective value of fixed charge is always lower than the corresponding concentration of ionic groups, indicating that not all of the fixed charge groups play an active role in the ion transport. As a general trend, an increase of the effective charge with the liquid uptake is observed. This is due to the low liquid uptakes favour the interaction between the counter-ion and the charged groups in the polymer, and so, a decrease of the effective charge of the membrane. The effective charge concentration, X eff , for a given charged polymer membrane can be estimated when its density, liquid uptake and concentration of the fixed ionic groups per volume of swollen membrane are known, using the following equations [14] : 2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 where ρ r is the membrane density relative to the water density, and N h the hydration number of the cation. Barragán et al. [14] stated that Eq. (15) is valid for dense polymer membranes, with low liquid content, with influence of the electrolyte on the liquid uptake properties. In contrast, Eq. (16) is valid for more porous polymer membranes, with high liquid content, for which the influence of the electrolyte is low. The estimated values of X eff are collected in Table 2. The effective charge concentration X eff decreases in the following order: MK404NF1154CMX4CR654RXC. It is worth mentioning that the value is significantly larger for MK40 than that of other membranes. Moreover, it is also found that the parameters * X and X eff follow the same sequence with the exception of MK40. The interaction between the counter-ions and the fixed charged groups in the membranes is higher for less swollen membranes [14] . At low liquid content, the ion-pairs between the fixed charge groups and counter-ions in the membrane occur, originating a charge effectiveness decrease. Moreover, when the membrane porosity is high, it seems reasonable to accept that the ion-pairing process is hindered because the encounters between the mobile counter-ions and the fixed ionic groups are scarcer. Thus, the MK40 exhibits the largest effective charge concentration with a little ionpairing effect because this membrane combines a high degree of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 swelling with a high porosity. The effective value of the fixed charge is lower that the corresponding concentration of fixed ionic groups, indicating that not all of the fixed charged groups plays an active role in the ion transport. The ratio between both charge concentrations, = r X X / eff , is also reported in Table 2 . This selectivity parameter is an important parameter for practical applications because it is both a measure of the charge effectiveness and an indicative of the selectivity loss of the membrane in a given medium. The parameter r decreases in the following order: MK404CR654RXC4CMX4NF115. The results indicate that heterogeneous membranes have higher r values than those of homogeneous membranes. Otherwise, the results suggest that there is a correlation between the parameter r and the FH interaction parameter χ, because the higher r the lower χ. This fact implies that a better affinity between the polymer and the absorbed solution leads to a lower selectivity loss in the membrane.
Streaming potential
The electric potential difference that appears when a pressure difference is established between the two sides of an ion-exchange membrane was measured as a function of time. Measurements were carried out for several pressure difference values between 0 and 10 5 Pa with 0.01 M NaCl aqueous solutions. It should be noted that each series of measurements started with the highest pressure difference. The results, which are shown in Fig. 1a -e, are in agreement with the expected behaviour [22, 23] . As it is expected, the electric potential difference has an opposite sign than the pressure difference, and it increases with the established pressure difference. In general, the curves are qualitatively similar in all cases. When the pressure difference is applied, the electric potential increases rapidly within a few seconds followed by a slower increase. Approximately at a time of 300 s, when the pressure difference across the membrane was removed, the potential decreases rapidly within a few seconds followed by a slow decrease to a constant value. In contrast, the behaviour exhibited for membrane MK40 at short times is a little bit different. It was observed that after the sharp increase when pressure difference is applied, the potential decreases slowly with time within a few seconds, and then it increases in a similar manner than that of the other membranes. This decrease may be related to nonlinear volume flows observed for short times. This effect is relatively larger at low pressure and it has been related to some mechanical relaxation or strain of the membrane whenever pressure is applied, with a short time scale [24, 25] . Accordingly, the effect should be larger for membranes with higher hydraulic permeability, which are in agreement with the results found as shown later.
As it was stated previously, the contribution of the concentration polarization can be eliminated by determining the streaming potential as an intercept at time zero, ψ Δ 0 , from the plot of the electrical potential difference ψ Δ vs. t . Fittings to straight lines to determine the streaming potential ( ψ Δ 0 ) are also shown in Fig. 1a-e . In each case, the time interval to perform the linear regressions was chosen testing different points as initial time and choosing those which gave a correlation coefficient closer to unity. The fitting errors for ψ Δ 0 were lower than to 1 μV. The estimated values of ψ Δ 0 are shown in Fig. 2 as a function of the pressure difference across the membrane. As can be observed, heterogeneous membranes (Fig. 2a) present lower values of the streaming potential than homogeneous membranes (Fig. 2b) . Moreover, it is observed that there is a linear dependence between the streaming potential and the applied pressure difference. It then follows that the pressure coefficient β 0 , which is defined as follows:
is independent of the pressure difference. This fact allows the estimation of this coefficient from the slopes of the straight lines that represent ψ Δ 0 vs. ΔP. The obtained values for the adjusted parameter are reported in Table 3 . The true value of the pressure coefficient, β r , can be estimated taking into account the correction given in Eq. (7) as follows: Ag   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 Table 3 Pressure coefficients, β 0 and β r , electro-osmotic permeability, W, and pressurenormalized parameter A* (A*ΞA/Δp) of cation-exchange membranes used in this study.
Membrane À β 0 (10 À 9 V/Pa) À β r (10 À 9 V/Pa) W In agreement with Eq. (5), the values of β r are equal to the electro-osmotic permeability W. The values of W are also given in Table 3 . The values of the pressure coefficient are negative because the electric potential difference has an opposite sign than the pressure difference. The estimated electro-osmotic permeabilities using Saxén's law for MK40, CR65 and NF115 are in good agreement with data published elsewhere [26] . The pressure coefficient, and thus, the electro-osmotic permeability, follows the sequence: NF115 4CR65 ZMK40 4RXC 4 CMX. It is noted the remarkable high electro-osmotic permeability of the NF115 membrane. As stated above, a factor that influences the electrical properties of the membranes is the liquid content of the membranes. Results on the pressure coefficient in aqueous solutions [27] showed that the magnitude of the pressure coefficient is related to the degree of swelling of the membranes. Membranes with a higher degree of swelling give higher streaming potential values. The results in Tables 2 and 3 confirm the relation between the electro-osmotic permeability of the membranes and their degree of swelling. However, NF115 membrane does not follow this trend because it exhibits the lowest solution uptake and the highest pressure coefficient. The behaviour exhibited by the NF115 membrane may be due to the influence of the solution on the electrical properties of the membrane, because the ion mobility in the membrane depends on the solvent and, so, affects the electrical properties of the membrane. Due to its lower liquid content, this membrane has the highest fixed charge concentration. Thus, it is expected that NF115 has the highest electrical conductivity. If the fixed charge effect and the conductivity effects are not balanced, the streaming potential of the NF115 may be larger than expected. Instead, it may be speculated that the high electro-osmotic permeability of NF115 can be attributed to a structural effect. This membrane is a noncrosslinked membrane, whereas the other membranes are either cross-linked or reinforced. Previous studies reported the physical deformation of some polymeric membranes caused by the application of a hydrostatic pressure difference across them [25] . Results show differences depending on the membrane structure, thus, cross-linked membranes are less susceptible to be deformed due to their rigid structures, in contrast, non-crosslinked membranes, such as NF115, showed significant plastics deformations. In the present study, when the streaming potential measurements are finished, a visual inspection of the membranes revealed that while the NF115 membrane undergoes a significant deformation caused by the application of the pressure difference, the rest of the membranes maintain their shapes. As the influence of the solution on the degree of swelling has less influence for highly cross-linked membranes, it is thus expected that the influence would be greater for the non-crosslinked NF115 membrane. Finally, when membranes of equal character (homogeneous/heterogeneous) are compared, it seems to be a relation between the pressure coefficient and the effective concentration of fixed charged, because higher concentrations lead to higher electro-kinetic coefficients.
Electro-osmosis in the membranes can be also analysed in terms of the so-called electro-osmotic drag coefficient, k w . This coefficient describes how many water molecules are carried along with each counter-ion at the vectored counter-ion transport path through the membrane, assuming the gradient of the water concentration is negligible small through the whole membrane. The relation between W and k w is given by the following expression [5, 16, 28] :
where ρ w and M w are the density and the molecular mass of the transported flow, respectively. The estimated values of k w are reported in Table 4 . Previous studies noted that the higher the degree of crosslinking of the membrane, the lower is the value for the electro-osmotic drag [28] . Our results support this idea. As it can be observed, the electro-osmotic drag coefficient was higher for non-crosslinked NF115, whereas CMX with high crosslinking degree shows a lower value. As the physical meaning of the water drag coefficient k w is rather close to that of the water transference number t w , the comparison of both transport numbers can be a good test to check the reliability of the indirect method presented in this present paper for water transport number evaluation. The water transport number reported for MK40 in NaCl solutions ranged from 10 to 5 depending on the salt concentration [7, 29] , which is very close to the value obtained in the present study. The water transport number for a CMX membrane equilibrated with a NaCl solution obtained in the present study is the same value as reported by Larchet et al. [7] Fig. 3a and b shows, respectively, the values of parameter A for heterogeneous and homogeneous membranes which were obtained from the fittings of ψ Δ vs. t 1/2 , as a function the pressure difference across the membranes under different experimental conditions. The fitting errors for A were lower than 1 μV/s 1/2 . It is found a linear dependence between the parameter A and the pressure difference, and the values of the corresponding slopes are given in Table 3 . Following Okada et al. [3] the parameter A can be used to estimate the water permeability L p in a given membrane as follows:
where f is a factor, which is defined as
Cl NaCl where − t Cl is the transference number of Cl À , and is the diffusion coefficient of NaCl. The diffusion coefficient for NaCl is 1.547 Â 10 À 9 m 2 /s [30, 31] . Transference number of Cl À in solution, which was estimated from ionic mobility at infinite dilution, is 0.6073 [30, 31] . Results for L P f and L P are given in Table 4 . The liquid permeability in the membranes follows the sequence: MK40ZCR65 4NF115 4RXC 4CMX. It is accepted that the membrane permeability depends on the liquid uptake by the membrane, the interaction between the transported water and ions with the polymer matrix, and the diffusional pathways of the transported species through the membrane, among other factors. The influence of these variables in the permeability can lead to its rise or decrease depending on the relative magnitude of each one. In MK40, CR65 and CMX, the permeability seems to be proportional to the liquid content of the membranes. Thus, the higher membrane liquid uptake, the higher the membrane permeability is. In contrast, in NF115 and RXC the degree to which the liquid swells the membrane is not the most influential factor in the permeability of these two membranes. NF115 exhibits a high membrane permeability considering its low liquid content, and RXC has lower membrane permeability than that expected according to its high liquid content. This behaviour suggests that 
Conclusions
Heterogeneous membranes exhibit higher liquid content and wet porosity than homogeneous membranes, indicating that heterogeneous membranes are more hydrophilic. Accordingly, the FH interaction parameters are lower for heterogeneous membranes than that of homogeneous membranes.
In general, the differences between the liquid uptakes of the membranes equilibrated in water and in aqueous NaCl solutions are not significant. The liquid uptake by the non-crosslinked NF115 membrane equilibrated in the aqueous 0.01 M NaCl solution decreases with respect to the membrane equilibrated in water. In contrast, the liquid uptake properties of MK40, CR65, RXC and CMX membranes equilibrated in the aqueous 0.01 M NaCl solution either remains unchanged or increases a little, compared to the membranes equilibrated with pure water. These facts suggest that not only the osmotic pressure and the ionic forces are relevant in determining the liquid uptake properties of the membranes, but also the structure of the membrane matrix affects their sorption properties; the reinforcement of the membranes discourages their sorption ability.
The higher the liquid content of the membranes, the lower the concentration of fixed charges in the membranes. Then, homogeneous membranes have higher concentration of fixed charges than heterogeneous membranes. In addition, the effective charge concentration in the membranes follows the same sequence as the fixed charge concentration, with the exception of MK40, whose effective charge concentration is significantly larger. This can be related to the fact that this membrane combines a high degree of swelling with a high porosity, which leads to a little ion-pairing effect.
The streaming potential across the membranes increases linearly with the established pressure difference, and it is larger in heterogeneous membranes than in homogeneous ones. Moreover, it is observed that, with the exception of NF115, the higher the membrane liquid content, the higher the streaming potential. The behaviour exhibited by the NF115 membrane may be due to either the influence of the solution on the electrical properties of the membrane, or a structural effect.
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